The int3 oncogene was discovered as a frequent target in mouse mammary tumor virus-induced mammary tumors and encodes the intracellular domain of a Notch4/int3 protein. In one spontaneous mammary tumor, no. 9, that developed in a BALB/c mouse, we have found an insertion of a 1.2-kb sequence, consisting of a 5 long terminal repeat and gag sequences of an intracisternal type A particle (IAP) as well as an extra copy of the Notch4/int3 genomic sequences containing exons 23 and 24, into the intron between exons 24 and 25 of the Notch4/int3 gene. In this tumor, unique splicing events between the IAP and the Notch4/int3 sequences generated two types of IAP-Notch4/int3 fusion transcripts encoding two different portions of the intracellular domain of Notch4/int3 proteins: one with a RAM domain and the other without. Interestingly, these two proteins showed different subcellular localizations in a mouse mammary epithelial cell line, HC-11.
Notch family genes encode transmembrane receptor proteins mediating signals which regulate various cell fate decisions that involve cell-cell interactions (1) . To date, four members of this family have been identified in the mouse (6, 8, 12, 15, 21, 22) . One member, Notch4/int3, was originally discovered as an oncogene involved in mouse mammary tumor virus (MMTV)-induced mammary tumors (6, 7, 18) . In those tumors, MMTV provirus integration at a short region of the Notch4/int3 locus leads to expression of a truncated Notch4/ int3 transcript of 2.3 kb, which encodes the intracellular part of the Notch4/int3 protein (7, 18) . Loss of the extracellular domain causes constitutive activation of the Notch4/int3 protein, which leads to hyperproliferation of glandular epithelial tissues and development of mammary carcinomas (11) . In addition, similar truncations of other Notch gene members represent gain-of-function mutations (10) and thus are known to associate with tumorigenesis (2, 5, 8, 19) . Notch4/int3 transcripts are primarily restricted to endothelial cells in embryonic and adult life and encode a protein consisting of 1,964 amino acid residues (6, 21) . The extracellular domain contains signal peptide, 29 epidermal growth factor (EGF)-like repeats, and 3 Notch/ lin-12 repeats. The intracellular domain is characterized by RAM domain (a strong binding site for RBP-J transcription factor) (20) , six tandem copies of a cdc10/ankyrin repeat, and a PEST sequence motif.
Murine intracisternal A particles (IAPs) are defective murine retroviruses encoded by a large family of endogenous proviruses which are present at about 1,000 copies per haploid genome of Mus musculus (14, 17) . IAPs undergo transpositions and act as endogenous mutagens. IAPs can affect the expression of an adjacent gene by providing various transcriptional (3, 9) or posttranscriptional (16) regulatory elements for the adjacent gene. Kordon et al. have reported rearrangement of Notch4/int3 gene in a spontaneous Czech II mouse mammary tumor, in which an IAP provirus was integrated in the opposite transcriptional orientation relative to the Notch4/int3 gene and a cryptic promoter in this oppositely oriented 5Ј long terminal repeat (LTR) drove expression of a IAP-Notch4/int3 chimeric RNA encoding the intracellular part of the Notch4/int3 protein (13) .
Here, we describe a new type of IAP-mediated activation of the Notch4/int3 gene in a mammary tumor that spontaneously developed in a BALB/c mouse. In this tumor, the inserted IAP 5Ј LTR drove the transcription of the IAP-Notch4/int3 fusion mRNAs. Furthermore, two types of IAP-Notch4/int3 fusion transcripts were generated by different splicing events between IAP and the Notch4/int3 sequences. These two RNA species encoded two forms of the intracellular domain of Notch4/int3 protein, which showed different subcellular localizations in HC-11 cells.
Rearrangement of the Notch4/int3 gene in a mammary tumor spontaneously developed in a BALB/c mouse. We have analyzed by Southern blotting whether rearrangement of Notch genes occurred in 20 type B mammary adenocarcinomas (4) spontaneously developed in BALB/c mice. DNA fragments encoding the RAM domain of each Notch gene were amplified by PCR as described previously (12) and used as probes for the initial screenings. Although no rearrangement was detected with the Notch-1, -2, and -3 probes, rearrangement of the Notch4/int3 gene was found in a tumor named no. 9 with the Notch4/int3 RAM probe, probe d (Fig. 1A) . Thus, the following four Notch4/int3 cDNA fragments were used as probes for detailed analysis by Southern and Northern blottings ( Fig. 2A) : probe a; a 1.5-kb SpeI-NdeI fragment encoding from the N terminus to the middle region of EGF-like repeats of the Notch4/int3 cDNA: probe b, a 2.7-kb XbaI-XhoI fragment encoding from the 5Ј terminus to two-thirds of the EGF-like repeat domain; probe c, a 2.4-kb BamHI fragment encoding from Notch/lin-12 repeats to the C terminus; and probe d, a 0.4-kb fragment encoding a RAM domain amplified by PCR with the sense primer, M2, and the antisense primer, TMCDR (12) .
Southern blot analyses with the extracellular probe (probe b) failed to reveal Notch4/int3 rearrangement (Fig. 1A , lower panels). However, in addition to the 4.0-kb KpnI and the 2.5-kb BamHI fragments derived from the unaffected Notch4/int3 allele, the intracellular RAM domain probe hybridized with an additional 5.2-kb KpnI and an additional 3.7-kb BamHI fragment in genomic DNA from the no. 9 tumor, indicating that this tumor has a rearrangement in one allele of the Notch4/int3 gene and that the rearrangement occurred close to the RAM domain-encoding sequences (Fig. 1A, upper panels) . Next, we analyzed whether the Notch4/int3 rearrangement affects Notch4/int3 transcripts in the no. 9 mammary tumor. Total RNAs were isolated from the no. 9 tumor, the no. 4 mammary tumor with a normal Notch4/int3 allele, which spontaneously developed in the BALB/c mouse, and normal BALB/c mouse lung. By Northern analyses, the expression of a normal Notch4/int3 RNA species 6.5 kb long was detected in both mammary tumors and lung with the extracellular (Fig. 1B , middle panel) and the intracellular (Fig. 1B, upper panel) Notch4/int3 probes. With the intracellular probe, but not with the extracellular probe, however, a unique Notch4/int3 RNA species of about 2.0 kb was detected only in the no. 9 tumor. Therefore, the rearrangement of the Notch4/int3 allele in the no. 9 tumor activates the expression of RNA species which correspond to the intracellular domain of Notch4/int3.
Structure of the rearranged Notch4/int3 allele in the no. 9 mouse mammary tumor. To further characterize the Notch4/ int3 rearrangement in the no. 9 tumor, we constructed the restriction map of the rearranged Notch4/int3 allele of the no. 9 tumor by Southern blotting with several probes. The restriction map suggested that a 1.2-kb-long DNA sequence of unknown origin is inserted into the RAM domain of the Notch4/ int3 genome (Fig. 2B) . To specify the rearrangement of the Notch4/int3 genome in the no. 9 tumor, a 2.7-kb Notch4/int3 genomic sequence containing the 1.2-kb DNA insert was amplified by PCR with the genomic DNA from the no. 9 tumor and the set of primers indicated with arrows in Fig. 2B . Nucleotide sequencing revealed that the 1.2-kb DNA insert consists of a part of the IAP sequence and a part of the Notch4/int3 genomic sequence duplicated and that this 1.2-kb sequence is inserted into an intron between exons 24 and 25 of the Notch4/ int3 genome (Fig. 2C) . The 5Ј 0.6 kb of the inserted DNA shows very close homology to the IAP 5Ј LTR (bp 1 to 338) and the gag (bp 339 to 733) region of a typical full-length IAP sequence (17) , except for a short deletion (bp 517 to 593). The 3Ј 0.6 kb of the inserted DNA adjacent to the IAP sequence consists of an extra set of exon 23 (about 3Ј 80% of the exon), exon 24 (the whole exon), and the introns adjoining them, which encode the transmembrane and the RAM domains of the Notch4/int3 protein. The IAP 5Ј LTR was inserted in the same direction as for Notch4/int3 gene transcription.
To confirm the IAP 5Ј LTR-gag sequence inserted in the Notch4/int3 genome functions as a promoter for these truncated Notch4/int3 transcripts, we performed a chloramphenicol acetyltransferase (CAT) assay. As expected, the 0.6-kb ApaIEcoRI (Fig. 2B ) fragment containing the IAP 5Ј LTR drove marked expression of the CAT gene in a mammary epithelial cell line, HC-11 (data not shown).
Generation of truncated Notch4/int3 transcripts by IAP-induced splicing events. To characterize the truncated Notch4/ int3 transcripts and to elucidate the structures of the proteins encoded by them, we cloned the cDNAs of the transcripts and sequenced them. As a first step in this analysis, we amplified cDNAs which correspond to the 5Ј part of the IAP-Notch4/int3 fusion transcript by reverse transcription-PCR (RT-PCR) using single-stranded cDNAs synthesized from poly(A) ϩ RNAs from the no. 9 mammary tumor and a sense (IAP-223) primer, and an antisense (TMCDR) primer, derived from the R region of the IAP LTR and the RAM domain of Notch4/int3, respectively. The 0.6-kb cDNA fragment thus amplified was cloned into pBluescript II KS(ϩ). DNA sequence analysis of a clone designated R2 revealed that it has a cDNA sequence derived from the IAP LTR and the Notch4/int3 cDNA encoding the RAM domain (Fig. 3A) . These results suggest that the truncated Notch4/int3 transcripts start from the R region of the LTR (nucleotide position 225 of IAP). Surprisingly, R2 transcript was generated by an unique splicing event using a splicing donor in the IAP provirus (nucleotide position 511 of IAP) and a cryptic splicing acceptor in the exon of the Notch4/int3 gene (which corresponds to nucleotide position 4512 of the RAM domain, Fig. 3A, and B) . The splicing donor site used in R2 is commonly used to generate subgenomic IAP RNA and is well conserved in several other IAP sequences (14, 17) . However, the splicing acceptor at position 4512 of the Notch4/int3 cDNA is located in the middle of exon 23 and is an unusual acceptor.
To define the complete structure of the truncated Notch4/ int3 transcripts and to characterize the mechanism of splicing, the no. 9 mammary tumor cDNA library prepared with the ZAP Express cDNA synthesis kit (Stratagene) was first screened with a 32 P-labeled Notch4/int3 intracellular probe (probe d) for the cDNA clones derived from the IAP-Notch4/ int3 fusion transcripts. The clones obtained were then screened again with an IAP LTR-gag probe (Fig. 2B ), but none of the clones hybridized with this probe strongly. Therefore, clones that hybridized with Notch4/int3 probe were rescued as pBK-CMV plasmids by in vivo excisions, and the cDNA inserts in these plasmids were sequenced. Eventually, two-types of cDNA clones with IAP-derived sequences and a poly(A) tail at their 5Ј and 3Ј ends, respectively, were obtained. According to ZAP Express, the plasmid clones containing 2.1-and 1.9-kb cDNA insert of IAP-Notch4/int3 fusion sequence were named Z16 and Z11, respectively (Fig. 3A) . Sequence analysis revealed that these cDNAs correspond to different transcripts generated by different alternative splicings (Fig. 3A and B) . The Z16 clone was generated by the same splicing event that produced the R2 clone. However, the Z11 clone was generated by another type of splicing using nucleotide position 511 of the IAP provirus as a splicing donor and the normal splicing acceptor at the intron-exon 24 boundary of the Notch4/int3 genome as a splicing acceptor (corresponding to nucleotide position 4640). Compared with Z16, Z11 lacks the 3Ј part of exon 23 encoding the N-terminal portion of the RAM domain.
Truncated Notch4/int3 transcripts encode the intracellular domain of Notch4/int3 protein. Sequence analysis revealed that both the Z16 and the Z11 clones can encode the truncated Notch4/int3 proteins ( Fig. 3B and C) . Using ATG codon at nucleotide position 472 of IAP as an initiation methionine, we found that the Z16 clone encodes a protein in which the Nterminal 13 amino acid residues are derived from the IAP sequence and the following carboxyl-terminal 499 amino acid residues correspond to the intracellular domain of the Notch4/ int3 protein. On the other hand, the Z11-encoded protein was shown to consist of 442 carboxyl-terminal amino acids of the Notch4/int3 protein (from ankyrin repeats to the C terminus) by using the ATG codon at nucleotide position 4683 in exon 24 as an initiation methionine. Therefore, the Z16-encoded protein is 70 amino acids larger than the Z11-encoded one. The schematic protein structures of these two truncated Notch4/ int3 proteins and the MMTV-induced int3 oncoproteins are compared in Fig. 3C . Two types of int3 oncoprotein so far reported (6) have a short stretch of the extracellular and transmembrane domains of the Notch4/int3 protein. In contrast, both the Z16-and Z11-encoded proteins have no extracellular or transmembrane domains. While both of these proteins contain the intracellular domains from ankyrin repeats to the carboxy terminus, only the Z16 protein has the strong binding site for RBP-J, located from amino acid 1470 to amino acid 1513 in the RAM domain (12, 20) .
Subcellular localization of the Z16-and Z11-encoded proteins. To express the truncated Notch4/int3 proteins in Flagtagged forms, cDNA inserts of the Z16 and Z11 plasmids were cloned into the EcoRI-and XbaI-cleaved pFlag-CMV (cytomegalovirus)-2 expression vector (Eastman Kodak Co.). For immunoblot and subcellular localization analyses of the truncated Notch4/int3 proteins, HC-11 or HeLa cells were transfected with the Notch4/int3 expression constructs by using the Lipofectamine Plus reagent (Gibco/BRL). Forty-eight hours after transfection, the lysates of transfected cells were prepared and subjected to Western blot analysis (23) with mouse monoclonal anti-Flag-M2 antibody (Eastman Kodak Co.). In both HC-11 and HeLa cells, Flag-tagged proteins with apparent molecular masses of 58 and 50 kDa were expressed, which correspond to the open reading frames in the Z16 and the Z11 constructs, respectively (Fig. 4A) . Next, HC-11 or HeLa cells transiently transfected with the Notch4/int3 expression constructs were immunostained with anti-Flag antibody (Fig. 4B) .
The samples, prepared as described previously (23) , were observed with a confocal microscope. Both the Z16-and the Z11-encoded proteins localize exclusively in the nucleus in HeLa cells (Fig. 4B, panels c and d) . In HC-11 cells, however, the Z11-encoded protein localized mainly in the cytoplasm, while the Z16-encoded protein localized in the nucleus (Fig.  4B, panels a and b) . These differences in subcellular localization may be due to the presence and absence of the RAM domain in the Z16-and the Z11-encoded proteins, respectively, because the IAP-derived 13 amino acids (Fig. 3B ) are unlikely to cause these differences. All of the MMTV and IAP proviruses were inserted so that the truncated Notch4/int3 proteins containing the entire intracellular domain, but lacking a portion of the extracellular domain amino terminus to the Notch/lin-12 repeats, can be expressed (6) . Therefore, to date, there has been no report of MMTV integration which has led to expression of the truncated Notch4/int3 protein consisting of a region from cdc10/ankyrin repeats to the carboxy terminus. These results suggest that the entire intracellular domain is essential to the function of a Notch4/int3 oncoprotein. Thus, we speculate that the Z16-encoded, but not the Z11-encoded, protein functioned as an oncoprotein. The observation that the entire intracellular domain of the Notch4/int3 protein (Z16) translocates into the nucleus more efficiently than the protein consisting of a region from cdc10/ankyrin repeats to the carboxy terminus (Z11) in mammary epithelial cells is consistent with the idea that the entire intracellular domain is necessary for mammary tumor induction.
Nucleotide sequence accession number. The nucleotide sequence of the 2.0-kb SacI genomic fragment in the rearranged Notch4/int3 allele (Fig. 2 ) can be accessed with accession no. AB016771 of the DDBJ database (DNA Data Bank of Japan). The nucleotide sequences of the regions of interest of the R2, Z16, and the Z11 cDNA clones (Fig. 3A) can be accessed with no. AB016772, AB016773, and AB016774, respectively.
